Isotopic studies in the natural sources of radium in groundwater in Illinois by Gilekson, Robert H. et al.
WRC RESEARCH REPORT 187 
ISOTOPIC STUDIES OF THE NATURAL SOURCES OF 
RADIUM IN GROUNDWATER IN ILLINOIS 
Robert H. Gilkeson 
Geologist 
Hydrogeology Section 
Illinois State Geological Survey 
Champaign, Illinois 61820 
Eugene C. Perry, Jr. 
Associate Professor 
Geology Department 
Northern Illinois University 
DeKalb, Illinois 60115 
James B. Cowart 
Assistant Professor 
Geology Department 
Florida State University 
Tallahassee, Florida 32306 
Richard B. Holtzman 
Chemist 
Radiological and Environmental Research Division 
Center for Human Radiobiology 
Argonne National Laboratory 
Argonne, Illinois 60439 
April 1984 
Project No. B-139-ILL 
Matching Grant Agreement No. 14-34-0001-1221 
FINAL TECHNICAL COMPLETION REPORT 
to 
Bureau of Reclamation 
Department of the Interior 
Washington, D.C. 20240 
The work on which this report is based was supported in part by 
funds provided by the UnitedStatesDepartment of the Interior as 
authorized under the Water Research and Development Act of 1978. 
Contents of this publication do not necessarily 
reflect the views and policies of the U.S. Department 
of the Interior, nor does mention of trade names or 
commercial products constitute their endorsement by 
the U.S. Government. 
CONTENTS 
ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . .  
ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . .  
INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . .  
HYDROGEOLOGIC S E T T I N G  AND MAJOR I O N S  I N  GROLTNDWATER . . . . .  
STABLE I S O T O P E S  I N  GROUNDWATER . . . . . . . . . . . . . . . .  
I S O T O P I C  VARIATION I N  T H E  WATER MOLECULE . . . . . .  
I S O T O P I C  VARIATION I N  THE D I S S O L V E D  S U L F A T E  MOLECULE 
R A D I O I S O T O P E S  I N  GROUNDWATER . . . . . . . . . . . . . . . . .  
URANIUM I S O T O P E S  . . . . . . . . . . . . . . . . . .  
RADIUM I S O T O P E S  . . . . . . . . . . . . . . . . . .  
D I S C U S S I O N  . . . . . . . . . . . . . . . . . . . . . . . . . .  
SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . .  
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . .  
FIGURES 
M a p o f t h e s t u d y a r e a .  . . . . . . . . . . . . . . . . . . . .  7 
Genera l i zed  column of r o c k - s t r a t i g r a p h i c  u n i t s  i n  
n o r t h e r n  I l l i n o i s  . . . . . . . . . . . . . . . . . . . . . . .  8 
The d i s t r i b u t i o n  of t o t a l  d i s s o l v e d  s o l i d s  i n  groundwater 
from w e l l s  i n  t h e  Cambrian and Ordovician bedrock . . . . . . .  11 
The d i s t r i b u t i o n  of d i s s o l v e d  s u l f a t e  (and t h e  8 3 4 ~  of 
d i s s o l v e d  s u l f a t e )  i n  groundwater from w e l l s  i n  t h e  
. . . . . . . . . . . . . . . .  Cambrian and Ordovician bedrock 1 3  
The d i s t r i b u t i o n  of 8180 i n  t h e  w a t e r  molecule  i n  
groundwater from w e l l s  i n  t h e  Cambrian and 
. . . . . . . . . . . . . . . . . . . . . .  Ordovic ian  bedrock 1 7  
C o v a r i a t i o n  of d 3  4~ and 8  '0 i n  d i s s o l v e d  s u l f a t e  i n  
. . . . . . . . . . . . . . .  groundwater i n  n o r t h e r n  I l l i n o i s  20 
The r a d i o a c t i v e  decay s e r i e s  o f  uranium-238 . . . . . . . . . .  26 
The r a d i o a c t i v e  decay s e r i e s  of thorium-232 . . . . . . . . . .  27 
The d i s t r i b u t i o n  of 2 3  4 ~ / 2  'U a c t i v i t y  r a t i o  i n  groundwater 
. . . . . . .  from w e l l s  i n  t h e  Cambrian and Ordovic ian  bedrock 29 
The d i s t r i b u t i o n  of 2 2 6 ~ a  and 2 2  'Ra i n  groundwater from 
. . . . . . . . .  w e l l s  i n  t h e  Cambrian and Ordovician bedrock 35 
E x t e n t  of P l e i s t o c e n e  g l a c i a t i o n s  i n  a  r e g i o n  o f  North-Centra l  
Uni ted  S t a t e s  i n c l u d i n g  I l l i n o i s  (from S i e g e 1  and 
. . . . . . . . . . . . . . . . . . . . . . .  Mandle, i n  p r e s s )  41 
ABSTRACT 
Stable and radioactive isotopes in groundwater were studied 
in an investigation of the natural geologic sources of high concen- 
trations of 2 2 6 ~ a  nd 22 '~a in confined aquifers in the Cambrian and 
Ordovician bedrock of northern Illinois. The covariation of 6l '0 and 
6~ determined that the groundwater has a meteoric isotopic composition. 
Groundwater in unconfined aquifers has 6 '0 values (-6.6 to -7.9' / 0 o ) 
that are similar to contemporary meteoric water. However, a source of 
recharge related to glaciation is required for groundwater in confined 
aquifers of the Cambrian and Ordovician that is significantly depleted 
in '0 (6160 values range to -12.7°/00 and are less than over 
large regions) . The covariation of 6 4~ and 6 '0 in dissolved sul- 
fates determined a mixing line between two sources; oxidation of sul- 
fide minerals and dissolution of marine evaporites. Dissolved sul- 
fates from evaporite sources are present in large concentrations in 
confined aquifers but are of a different isotopic composition than 
evaporites of Cambrian or Ordovician age. Glaciation may be important 
with regard to recharge of the sulfates. The 2 3 4 ~ / 2 3  'U activity 
ratio in groundwater from the Cambrian and Ordovician are unexpectedly 
high; values range from 2.1 to 40.7. The lowest ratios occur in 
primary recharge zones. In confined aquifers values are greater than 
20 over large regions. Alpha recoil damage is a mechanism that con- 
tributes to the disequilibrium. However, the regional variation in 
2 3:4 activity ratios and in U concentrations supports the concept that 
glacial recharge has contributed to the high ratios. Radiological 
and geochemical mechanisms that partition 23 'u, 2 3 4 ~  and 3 0 ~ h  on the 
sands tone matrix are important to the dissolved 6 ~ a  concentration. 
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INTRODUCTION 
This report presents findings from an isotopic study of mech- 
anisms responsible for the natural occurrence of two isotopes of the 
radioactive element radium (radium-226 in the uranium-238 decay 
series and radium-228 in the thorium-232 decay series) in groundwater 
of Illinois at concentrations that exceed the limits imposed in the 
National Interim Primary Drinking Water Regulations (U.S. Environ- 
mental Protection Agency, 1975). The present report is part of a 
larger research program that is concerned with geochemical mechanisms 
that control the occurrence of radium and barium in groundwater. 
Radium and barium are both alkaline-earth cations with similar chem- 
ical properties. 
The research program has generated several reports. Gilkeson 
et al. (1978) presented analyses of rock samples for barium and radio- 
active elements, and established that the dissolved sulfate concen- 
tration was an important control on the concentration of barium in 
groundwater. Perry, Grundl, and Gilkeson (1982) reported on the vari- 
ation of stable isotopes of oxygen, hydrogen and sulfate in groundwater 
from the Cambrian and Ordovician bedrock and established the importance 
of glaciation to the recharge of groundwater in confined aquifers. 
Gilkeson, Perry, and Cartwright (1981) discussed evidence that the 
anomalous depletion of sulfate in groundwater with high barium concen- 
trations was due to bacterially mediated chemical reactions. Gilkeson 
and Cowart (1982) described the extreme enrichment in uranium-234 in 
groundwater from the Cambrian and Ordovician bedrock. Gilkeson et al. 
(1983) presented findings on radiological and geochemical mechanisms 
that control the concentrations of dissolved radioactive elements 
including radium, uranium, radon, and thorium. 
This report presents maps that show the distribution of 
stable and radioactive isotopes in groundwater from the Cambrian and 
Ordovician bedrock in northern Illinois and discusses mechanisms that 
are responsible for the regional trends. Stable isotopes analyzed 
include oxygen and hydrogen in the water molecule and oxygen and sul- 
fur in the dissolved sulfate molecule. Radioactive isotopes include 
radium-226, radium-228, uranium-238 and uranium-234. Field methods 
used in the collection and preservation of samples are described in 
Gilkeson et al. (1983). Analytical methods for stable isotopes are 
presented in Perry, Grundl and Gilkeson (1982) and Grundl (1980). 
Analytical methods for the radioactive isotopes are discus'sed in 
Gilkeson et al. (1983), and Osmond and Cowart (1976). 
HYDROGEOLOGIC SETTING AND MAJOR IONS I N  GROUNDWATER 
The s t u d y  a r e a  f o r  t h i s  r e p o r t  i s  t h e  p a r t  of n o r t h e r n  I l l i n o i s  
where p u b l i c  and i n d u s t r i a l  groundwater s u p p l i e s  a r e  produced from 
a q u i f e r s  i n  t h e  Cambrian and Ordovic ian  bedrock ( f i g .  1 ) .  South of 
t h e  s t u d y  a r e a  w a t e r  q u a l i t y  i n  t h e  Cambrian and Ordovic ian  i s  u n d e s i r -  
a b l e  because  of t h e  h i g h  c o n c e n t r a t i o n s  o f  d i e s o l v e d  m i n e r a l s  i n  t h e  
groundwater.  
A g e n e r a l i z e d  column of  r o c k - s t r a t i g r a p h i c  u n i t s  i n  n o r t h e r n  
I l l i n o i s  i s  shown i n  f i g u r e  2 .  The Cambrian and Ordovic ian  bedrock i s  
composed of t h i c k  s e c t i o n s  of sands tone  and do lomi te  i n t e r b e d d e d  w i t h  
s h a l e .  I n  downward o r d e r ,  t h e  s t r a t i g r a p h i c  u n i t s  a r e  t h e  Maquoketa 
Sha le  Group, Galena and P l a t t e v i l l e  Dolomite Groups, Glenwood-St. P e t e r  
Sandstone and P r a i r i e  du Chien Group of Ordovic ian  a g e ,  t h e  Eminence 
Formation,  P o t o s i  Dolomite,  F rancon ia  Format ion,  I r o n t o n - G a l e s v i l l e  
Sandstone,  Eau C l a i r e  Formation,  and M t .  Simon Sands tone .  Sha le  i n  
t h e  upper  p a r t  of t h e  Eau C l a i r e  Formation i s  a  s i g n i f i c a n t  a q u i t a r d  
h y d r a u l i c a l l y  s e p a r a t i n g  t h e  I r o n t o n - G a l e s v i l l e  Sandstone from t h e  
Elmhurs t  Sandstone Member ( b a s a l  Eau C l a i r e )  and t h e  M t .  Simon Sandstone.  
On a  r e g i o n a l  s c a l e  t h e  s i g n i f i c a n t  a q u i f e r s  a r e  t h e  s a n d s t o n e s ,  
i n c l u d i n g  t h e  S t .  P e t e r ,  t h e  I r o n t o n - G a l e s v i l l e ,  t h e  Elmhurst  Member 
i n  t h e  b a s a l  Eau C l a i r e  Format ion,  and t h e  M t .  Simon. The I r o n t o n -  
G a l e s v i l l e  Sandstone i s  t h e  most p r o d u c t i v e  a q u i f e r  over  a  major p a r t  
o f  t h e  s t u d y  a r e a .  P roduc t ion  of groundwater from w e l l s  i s  o f t e n  i n -  
c r e a s e d  th rough  t h e  d e t o n a t i o n  of e x p l o s i v e s  i n  t h e  I r o n t o n - G a l e s v i l l e  
s e c t i o n  of t h e  open b o r e h o l e .  
0 Maquoketa Shale Group absent-older Ordovician rocks Q Maquoketa . Shale Group 
form the bedrock surface, except in a locality along the " ' conf~nes underlying Ordovician rocks 
south side of the Sandwich Fault Zone where Cambrian 
rocks form the bedrock surface Ordovic~an and Cambrian units overlain and confined by :
a th~ck section of bedrock including shales of the Maquo- 
............. Maquoketa Shale Group absent-shale in the Pennsylvanian 0 keta, Devonian, Mississippian, and Pennsylvanian System unconformably overlies and confines Ordovician 
rocks 
FIGURE 1. Geologic map of the area of northern Illinois where groundwater supplies are produced from the Cambrian and 
Ordovician bedrock. Sources of information are Willman et al. (1967) and Willman et al. (1975). 

The y i e l d  of groundwater from t h e  dolomite  bedrock u n i t s  i s  
v a r i a b l e ,  depending upon t h e  number and a r e a l  i n t e r c o n n e c t i o n s  of 
j o i n t s ,  f r a c t u r e s ,  and c r e v i c e s .  The c o n t r i b u t i o n  of groundwater 
from t h e  s h a l e  bedrock t o  t h e  open borehole  i s  g e n e r a l l y  s m a l l .  
F igure  1 shows t h a t  i n  most of t h e  s t udy  a r e a  t h e  Cambrian 
and Ordovician bedrock i s  o v e r l a i n  and conf ined  by s h a l e .  I n  t h e  
sou thwes te rn  p a r t  of t h e  s t udy  a r e a  ( t h e  r eg ion  wes t  of t h e  I l l i n o i s  
River  i n  f i g u r e  1 ) ' t h e  con f in ing  u n i t s  i nc lude  s h a l e  of  t h e  Maquoketa, 
M i s s i s s i p p i a n ,  and Pennsylvanian.  I n  t h e  sou thwes te rn  r eg ion  t he  
Pennsylvanian forms t h e  bedrock s u r f a c e  excep t  where absen t  a long  t h e  
wes te rn  margin.  I n  t h e  e a s t e r n  and no r thwes t e rn  p a r t  of t h e  s t udy  a r e a  
t h e  M i s s i s s i p p i a n  and Pennsylvanian a r e  a b s e n t  and confinement i s  by 
t h e  Maquoketa Shale  Group. I n  t h e s e  r e g i o n s  t h e  Maquoketa o r  t h e  
S i l u r i a n  Dolomite forms t h e  bedrock s u r f a c e .  I n  a  r e s t r i c t e d  r eg ion  of 
La S a l l e  and Grundy County ( f i g .  1 )  t h e  Maquoketa and younger rocks  a r e  
a b s e n t  because of e r o s i o n  and t h e  Cambrian and Ordovician a r e  conf ined  
by s h a l e s  of t h e  Pennsylvanian.  Note t h a t  i n  a  smal l  l o c a l i t y  of 
La S a l l e  County and a  smal l  l o c a l i t y  a long  t h e  I l l i n o i s  River  i n  Grundy 
County, t h e  Pennsylvanian i s  absen t  and t h e  Galena and P l a t t e v i l l e  o r  
t h e  Glenwood-St. P e t e r  forms t h e  bedrock s u r f a c e .  
F igu re  1 shows t h a t  t h e  Maquoketa Sha le  Group i s  absen t  over  
much of the  n o r t h - c e n t r a l  and nor thwes te rn  p a r t  of t h e  s t udy  a r e a ,  and 
t h a t  o l d e r  rocks  form t h e  bedrock s u r f a c e .  I n  t h e  no r thwes t e rn  r e g i o n  
t h e  Maquoketa Sha le  Group i s  p r e s e n t  on some up lands  and c o n f i n e s  under- 
l y i n g  rocks .  I n  some l o c a l i t i e s  where t h e  Maquoketa i s  a b s e n t ,  f i n e -  
g r a ined  g l a c i a l  d r i f t  and /o r  dense un f r ac tu r ed  do lomi te  of t h e  Galena 
and P l a t t e v i l l e  Groups s e r v e  as con f in ing  u n i t s .  
The major i o n  chemical  composi t ion of groundwater i n  t h e  
Cambrian and Ordovic ian  are d i s c u s s e d  b r i e f l y  i n  t h i s  r e p o r t .  
A d d i t i o n a l  i n f o r m a t i o n  i s  p r e s e n t e d  i n  Sasman e t  a l .  (1982) and 
Gi lkeson  e t  a l .  (1983) .  The r e g i o n a l  v a r i a t i o n  i n  t o t a l  d i s s o l v e d  
s o l i d s  i s  i l l u s t r a t e d  i n  f i g u r e  3. Over t h e  n o r t h e r n  p a r t  of t h e  
s t u d y  a r e a  d i s s o l v e d  s o l i d s  range  from approx imate ly  250 t o  500 mg/L. 
The f i g u r e  shows t h a t  c o n c e n t r a t i o n s  i n c r e a s e  t o  t h e  e a s t ,  s o u t h  and 
sou thwes t .  Disso lved  s o l i d s  c o n c e n t r a t i o n s  a r e  g r e a t e r  t h a n  1000 mg/L 
over  e a s t e r n  Cook County and s o u t h e r n  W i l l ,  Grundy, and La S a l l e  
Count ies .  C o n c e n t r a t i o n s  g r e a t e r  t h a n  1000 mg/L occur  i n  a n  e x t e n s i v e  
r e g i o n  of t h e  s o u t h e r n  and wes te rn  p a r t s  of t h e  s t u d y  a r e a  and exceed 
3000 mg/L a l o n g  t h e  sou thwes te rn  margin .  
I n  t h i s  r e p o r t  t h e  c l a s s i f i c a t i o n  o f  F r e e z e  and Cherry  (1979) 
i s  used t o  c a t e g o r i z e  groundwater based on t o t a l  d i s s o l v e d  s o l i d s .  
The c a t e g o r i e s  a r e  a s  f o l l o w s :  f r e s h  w a t e r ,  0-1000 mg/L; b r a c k i s h  
water, 1000-10,000 mg/L; s a l i n e  w a t e r ,  10,000-100,000 mg/L; b r i n e  
w a t e r ,  g r e a t e r  than  100,000 mg/L. 
The m a j o r i t y  of w e l l s  i n  t h e  sou thwes te rn  r e g i o n  a r e  c o n s t r u c t e d  
t o  produce groundwater from t h e  G a l e n a - P l a t t e v i l l e  a n d / o r  S t .  P e t e r .  
F i g u r e  3  shows t h a t  some w e l l s  a r e  completed on ly  i n  t h e  Galena- 
P l a t t e v i l l e .  Water q u a l i t y  i n  t h e s e  w e l l s  i s  v e r y  similar t o  w a t e r  
q u a l i t y  i n  nearby  w e l l s  t h a t  a r e  a l s o  open t o  t h e  S t .  P e t e r .  C r e v i c e s  
and f r a c t u r e s  i n  t h e  do lomi te  may b e  h y d r a u l i c a l l y  open t o  t h e  s a n d s t o n e  
and when t h e s e  w e l l s  a r e  pumped, a major component o f  groundwater i s  
probab ly  produced from t h e  S t .  P e t e r .  A few w e l l s  l o c a t e d  i n  t h e  south-  
w e s t e r n  p a r t  o f  Knox County and t h e  n o r t h w e s t e r n  p a r t  o f  F u l t o n  County 

produce groundwater from t h e  I ron ton-Galesv i l le  t h a t  i s  no t  more 
minera l ized  than groundwater from shal lower a q u i f e r s .  I n  f a c t ,  t he  
l i m i t e d  in format ion  i n d i c a t e s  t h a t  t h e  I ron ton-Galesv i l le  may have 
b e t t e r  water  q u a l i t y  than t h e  Ga lena -P la t t ev i l l e  o r  S t .  P e t e r .  
An i n t e r e s t i n g  f e a t u r e  on f i g u r e  3 i s  the  zone of less miner- 
a l i z e d  groundwater t h a t  extends southward through Warren and Knox 
County. Dissolved s o l i d s  concen t r a t i ons  a r e  l e s s  than 1500 mg/L 
through the  c e n t r a l  p a r t  of Warren County. Concent ra t ions  i nc rease  
r a p i d l y  t o  t he  south  and west of t h e  zone. The zone i s  a l s o  p re sen t  
i n  t h e  r e g i o n a l  v a r i a t i o n  of d i s so lved  s u l f a t e s  ( f i g .  4 )  and '0 i n  
the  water  molecule ( f i g .  5 ) .  Specula t ion  on the  r e l a t i o n  of t he  zone 
t o  g l a c i a l  recharge  i s  presen ted  i n  t h e  d i s cus s ion  s e c t i o n  of t h i s  
r e p o r t  . 
The major i o n s  i n  groundwater t h a t  has l e s s  than 500 mg/L d i s -  
solved s o l i d s  a r e  calcium, magnesium, and b i ca rbona te .  S u l f a t e  and 
ch lo r ide  a r e  gene ra l l y  p re sen t  a t  low concen t r a t i ons  i n  t he  d i l u t e  
groundwater. However, t h e  concen t r a t i ons  of t he se  i o n s  become s i g n i f  i- 
cant  i n  confined r eg ions  where t he  t o t a l  d i s so lved  s o l i d s  a r e  g r e a t e r  
than 500 mg/L. The r eg iona l  v a r i a t i o n  i n  t he  concen t r a t i on  of d i s -  
solved s u l f a t e  i s  presen ted  i n  f i g u r e  4 .  S u l f a t e  concen t r a t i ons  in -  
c r ea se  r a p i d l y  a c r o s s  t he  e a s t e r n  s i d e  of Cook County and exceed 800 mg/L 
i n  t he  sou theas t e rn  corner  of t he  county. The h i g h e s t  s u l f a t e  concen- 
t r a t i o n s  a r e  p re sen t  i n  t h e  southwestern reg ion  of t h e  s tudy  a r e a .  Con- 
c e n t r a t i o n s  a r e  g r e a t e r  than 200 mg/L over most of t he  reg ion  and exceed 
600 mg/L over  a  l a r g e  a r e a .  Very low concen t r a t i ons  of d i s so lved  s u l -  
f a t e  a r e  p re sen t  i n  a  r eg ion  of n o r t h e a s t e r n  I l l i n o i s  where groundwater 
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from t h e  Cambrian and Ordovician h a s  h igh  d i s s o l v e d  barium concen- 
t r a t i o n s .  Here t h e  d e p l e t i o n  of s u l f a t e s  i s  caused by b a c t e r i a l l y  
mediated r e a c t i o n s  i n  an anae rob i c  environment (Gi lkeson ,  Pe r ry ,  and 
Ca r twr i gh t ,  1981) .  The r e g i o n  of s u l f a t e  d e p l e t i o n  and b a c t e r i a l  
enr ichment  of 6 3 4 ~  i n  t h e  r e s i d u a l  s u l f a t e  i s  shown i n  f i g u r e  4 .  
Groundwater i n  t h e  Cambrian and Ordovician w i t h  l e s s  than  500 
mg/L d i s s o l v e d  s o l i d s  g e n e r a l l y  h a s  l e s s  than  25 mg/L c h l o r i d e s .  
However, c h l o r i d e  c o n c e n t r a t i o n s  a r e  commonly g r e a t e r  than  100 mg/L i n  
groundwater w i t h  d i s s o l v e d  s o l i d s  g r e a t e r  than  1000 mg/L. Chlor ide  con- 
c e n t r a t i o n s  a r e  g r e a t e r  than  250 mg/L throughout  most of t h e  s t udy  a r e a  
where d i s s o l v e d  s o l i d s  a r e  g r e a t e r  t han  1500 mg/L. An i n t e r e s t i n g  
f e a t u r e  i s  t h e  r e l a t i v e l y  h ighe r  c o n c e n t r a t i o n  of c h l o r i d e  i n  t h e  south- 
c e n t r a l  r e g i o n  of t h e  s t udy  a r e a  ( sou the rn  La S a l l e  and Grundy 
Count ies ,  sou thwes te rn  W i l l  County, wes te rn  Kankakee County, L iv ings ton  
and Woodford Count ies ,  and e a s t e r n  Mar sha l l ,  Putnam and Bureau Coun t i e s ) .  
Chlor ide  c o n c e n t r a t i o n s  a r e  g r e a t e r  than  500 mg/L a t  w e l l s  i n  L iv ings ton ,  
sou the rn  La S a l l e ,  Woodford and e a s t e r n  Marsha l l  Count ies .  Sodium and 
c h l o r i d e  a r e  major  i o n s  i n  groundwater from t h e s e  w e l l s .  
STABLE ISOTOPES I N  GROUNDWATER 
During t h i s  s t u d y ,  i s o t o p e  r a t i o s  were  determined f o r  t h e  w a t e r  
and t h e  s u l f a t e  molecules :  The r a t i o  o f  oxygen -18 t o  oxygen -16 { 6 l  '0) 
and t h e  r a t i o  o f  hydrogen -2 (deuter ium) t o  hydrogen -1 ( 6 ~ )  were c a l -  
c u l a t e d  f o r  t h e  w a t e r  molecule .  The r a t i o  o f  s u l f u r  -34 t o  s u l f u r  -32 
1 6 3 4 ~ )  and t h e  r a t i o  of oxygen -18 t o  oxygen -16 16180) were  c a l c u l a t e d  
f o r  t h e  s u l f a t e  molecule .  The i s o t o p e  r a t i o s  a r e  expressed  i n  d e l t a  
u n i t s  (6)  a s  p e r  m i l l e  ( p a r t s  p e r  thousand,  O / o o )  d i f f e r e n c e s  r e l a t e d  t o  
a  s t a n d a r d .  I n  t h i s  r e s e a r c h ,  t h e  6~  and ti1 '0 a r e  expressed  a s  p e r  m i l l e  
d i f f e r e n c e s  compared t o  t h e  VSMOW s t a n d a r d  o f  ocean w a t e r  ( G o n f i a n t i n i ,  
1978) ,  and t h e  63 4~ a n a l y s e s  r e f e r e n c e d  t o  Canyon Diablo  m e t e o r i t i c  
t r o i l i t e  (Rees,  1978) .  
ISOTOPIC VARIATION I N  THE WATER MOLECULE 
Evapora t ion ,  condensa t ion ,  and p r e c i p i t a t i o n  p r o c e s s e s  have a  
ve ry  impor tan t  e f f e c t  on t h e  i s o t o p e  r a t i o  o f  m e t e o r i c  w a t e r  (Dansgaard,  
1964) .  Also,  because  bo th  condensa t ion  and i s o t o p e  f r a c t i o n a t i o n  a r e  
s t r o n g l y  a f f e c t e d  by t empera tu re ,  t h e  i s o t o p i c  composi t ion of p r e c i p i -  
t a t i o n  i s  tempera tu re  dependent .  A s  w a t e r  vapor  i s  c i r c u l a t e d  i n  
northward-flowing c o n t i n e n t a l  a tmospher ic  sys tems ,  t h e  r e c u r r e n c e  of 
evapora t ion-condensa t ion  e v e n t s  r e s u l t s  i n  a  l a t i t u d i n a l  t r e n d  i n  t h e  
s t a b l e  i s o t o p e  composi t ion of t h e  w a t e r  molecule .  The 6D and 6 l  '0 com- 
p o s i t i o n  of p r e c i p i t a t i o n  c o r r e l a t e s  on a  g l o b a l  b a s i s  accord ing  t o  t h e  
e q u a t i o n  
6 ~ ~ / ~ ~  = 86l '0 + 1 0  (1) 
t h a t  i s  known a s  t h e  m e t e o r i c  w a t e r  l i n e  (Friedman, 1953; C r a i g ,  1961; 
Dansgaard,  1964) .  
The isotopic composition of meteoric water is preserved after 
the water infiltrates the soil and enters a groundwater flow system. 
0 0 However, at the high temperatures (50 C to 100 C) present in deep 
groundwater flow systems, the isotopic composition of water may be 
altered through chemical reaction with the aquifer rock. Research by 
Clayton et al. (1966) established that brines in the Illinois, Michigan, 
and Alberta basins were enriched in ''0. The high temperatures in the 
deep flow systems were believed to be the major control on the "0 
enrichment through exchange with the aquifer strata. 
In the present research, analyses for both 8D and 8180 were con- 
ducted on groundwater samples that were collected from eight wells in 
the study area. The range in temperature and total dissolved minerals 
for the eight samples encompasses the variation that-occurs in fresh 
and brackish groundwater from the Cambrian and Ordovician in the study 
area. The covariation of 8D and 8180 in the groundwater samples 
exhibited a close relationship to the meteoric water line and Perry, 
Grundl and Gilkeson (1981) concluded that exchange between the water 
molecule and the aquifer rocks has been insignificant and that ground- 
water in the study area has retained a meteoric isotopic composition. 
The regional variation of 6180 in the water molecule for ground- 
water from aquifers in the Cambrian and Ordovician is from -6.6 to 
-12.7'/~~ (fig. 5). In the north-central and northwestern region of 
the study area, the variation is from -6.60/00 to -7.9°/00, a range 
that is comparable to contemporary meteoric water in northern Illinois 
(Graf, Friedman, and Meents, 1965). The heaviest isotopic values are 

p r e s e n t  i n  groundwater i n  pr imary r e c h a r g e  zones t o  t h e  Cambrian and 
Ordovic ian .  Downgradient of t h e  r e c h a r g e  zones t h e  v a l u e s  f o r  6 '  '0 
become l i g h t e r .  
F i g u r e  5 i l l u s t r a t e s  t h a t  groundwater i n  conf ined  r e g i o n s  o f  
t h e  s t u d y  a r e a  a r e  d e p l e t e d  i n  ''0 compared t o  t h e  contemporary v a l u e .  
P e r r y ,  Grundl ,  and Gi lkeson  (1982) concluded t h a t  a  s o u r c e  of re -  
charge  r e l a t e d  t o  g l a c i a t i o n  was r e q u i r e d  f o r  groundwater i n  conf ined  
r e g i o n s  of t h e  s t u d y  a r e a  t h a t  i s  s i g n i f i c a n t l y  d e p l e t e d  i n  "0. 
6180 v a l u e s  of -8 t o  - 1 0 ° / 0 0  a r e  p r e s e n t  over  a  l a r g e  r e g i o n  i n  t h e  
e a s t e r n  p a r t  of t h e  s t u d y  a r e a  w i t h  v a l u e s  r a n g i n g  from -9 t o  - 1 0 ~ / ~ 0  
i n  e a s t e r n  Lake and Cook Count ies .  The most d e p l e t e d  v a l u e s  a r e  
p r e s e n t  i n  t h e  sou thwes te rn  r e g i o n  of t h e  s t u d y  a r e a .  Values  a r e  l e s s  
than  o v e r  most o f  t h e  r e g i o n  and range t o  - 1 2 . 7 ° / ~ 0 .  The most 
n e g a t i v e  v a l u e s  a r e  a l o n g  t h e  w e s t e r n ,  s o u t h e r n  and e a s t e r n  margins 
o f  t h e  r e g i o n .  
The i s o t o p e  d a t a  s u g g e s t s  a  zone w i t h  ti1 % v a l u e s  between -10 
t o  -11°/00 e x t e n d s  southward through Knox and Warren C o u n t i e s .  T h i s  
zone i s  a l s o  shown by t h e  v a r i a t i o n  i n  t o t a l  d i s s o l v e d  s o l i d s  ( f i g .  3) 
and d i s s o l v e d  s u l f a t e  ( f i g .  4 ) .  The s i g n i f i c a n c e  o f  t h e  zone t o  
m u l t i p l e  g l a c i a l  r echarge  e v e n t s  i s  cons idered  i n  t h e  d i s c u s s i o n  
s e c t i o n  of t h i s  r e p o r t .  
ISOTOPIC VARIATION I N  THE DISSOLVED SULFATE MOLECULE 
Wi th in  t h e  s t u d y  a r e a ,  t h e r e  i s  a  g r e a t  v a r i a t i o n  i n  d i s s o l v e d  
s u l f a t e  c o n c e n t r a t i o n  i n  groundwater of t h e  Cambrian and Ordovician 
w i t h  l a r g e  c o n c e n t r a t i o n s  p r e s e n t  i n  conf ined  r e g i o n s  ( f i g .  4). The 
i s o t o p i c  v a r i a t i o n  o f  6 3 4 ~  and 6' '0 i n  d i s s o l v e d  s u l f a t e  was i n v e s t i -  
g a t e d  t o  p r o v i d e  i n f o r m a t i o n  on t h e  g e o l o g i c  s o u r c e s  o f  t h e  s u l f a t e .  
I n  n a t u r a l  sys tems ,  s u l f u r  i s  c y c l e d  between s u l f a t e  and s u l f i d e  
r e s e r v o i r s .  These r e s e r v o i r s  have c h a r a c t e r i s t i c  s u l f u r  i s o t o p i c  
compos i t ions  (Holse r  and Kaplan,  1966) .  
I n  n a t u r a l  groundwater sys tems  t h e  r e d u c t i o n  o f  s u l f a t e  t o  
s u l f i d e  r e q u i r e s  a n a e r o b i c  b i o l o g i c  m e d i a t i o n .  The a n a e r o b i c  b a c t e r i a  
p r e f e r e n t i a l l y  r educe  t h e  l i g h t  s u l f u r  i s o t o p e  ( 3 2 ~ )  t o  form s u l f i d e s .  
Although a  l a r g e  f r a c t i o n a t i o n  o f  s u l f u r  i s o t o p e s  o c c u r s  d u r i n g  r e -  
d u c t i o n  of  s u l f a t e  t o  s u l f i d e s ,  t h e r e  i s  n o t  a s i g n i f i c a n t  f r a c t i o n -  
a t i o n  d u r i n g  t h e  p r e c i p i t a t i o n  o r  d i s s o l u t i o n  of  s u l f u r - b e a r i n g  
m i n e r a l s  (Claypool  e t  a l . ,  1980) .  T h e r e f o r e ,  d i s s o l v e d  s u l f a t e s  t h a t  
a r e  d e r i v e d  from o x i d a t i o n  of  s u l f i d e  m i n e r a l s  w i l l  have an i s o -  
t o p i c a l l y  l i g h t  s u l f u r  composi t ion.  
The i s o t o p i c  composi t ion o f  s u l f u r  i n  mar ine  s u l f a t e s  h a s  
v a r i e d  s y s t e m a t i c a l l y  th roughout  g e o l o g i c  t ime  a s  a  f u n c t i o n  of t h e  
d i s t r i b u t i o n  of  s u l f u r  i n  t h e  s u l f a t e  and s u l f i d e  r e s e r v o i r s  (Holse r  
and Kaplan,  1966) .  Disso lved  s u l f a t e  d e r i v e d  from d i s s o l u t i o n  of  
mar ine  e v a p o r i t e s  such a s  gypsum o r  a n h y d r i t e  w i l l  have a n  i s o t o p i c  
composi t ion t h a t  r e f l e c t s  t h e  g e o l o g i c  a g e  of  t h e  s o u r c e .  
The c o v a r i a t i o n  of  s u l f u r  and oxygen i s o t o p e s  i n  d i s s o l v e d  s u l -  
f a t e  f o r  82 groundwater samples  c o l l e c t e d  from w e l l s  l o c a t e d  th roughout  
t h e  s t u d y  a r e a  i s  shown i n  f i g u r e  6 .  The r e l a t i o n s h i p  between 6  3 4 ~  
and 6180 f o r  69 of  t h e  groundwater samples  i s  d e s c r i b e d  by t h e  
r e g r e s s i o n  l i n e ,  
6 3 4 ~  = 1.26 6180 + 0.46 
Source o f  Groundwater: 
Cambrian-Ordovician Bedrock 
0 Unconfined 
Confined 
A Confined, sulfate reduction 
Other aquifers 
a Pleistocene sand and gravel 
Silurian Dolomite 
6 3 4 ~ = 1 . 2 6 6 1 8 0 + 0 . 4 6  
Correlation coefficient r=0.88 
FIGURE 6. Covariation 6 3 4 ~  and 6"O in dissolved sulfate in groundwater from wells in northern Illinois. The majority of sam- 
ples are from the Cambrian and Ordovician. A few samples are from the glacial dr i f t  and from the Silurian Dolomite. 
with  a c o r r e l a t i o n  c o e f f i c i e n t ,  r ,  of 0.88. The we l l - co r r e l a t ed  da t a  
set confirms the  t e n t a t i v e  conclusion of Per ry ,  Grundl, and Gilkeson 
(1982) t h a t  t he  i so tope  v a r i a t i o n  r e p r e s e n t s  a mixing l i n e  between 
s u l f a t e s  of two dominant compositions; i s o t o p i c a l l y  l i g h t  s u l f a t e s  
der ived  from ox ida t ion  of s u l f i d e  mine ra l s  and i s o t o p i c a l l y  heav ie r  
s u l f a t e s  der ived  from d i s s o l u t i o n  of marine e v a p o r i t e s .  Groundwater 
samples i n  t he  Cambrian and Ordovician t h a t  d i s p l a y  t h e  l i g h t e s t  
va lues  a r e  i n  primary recharge zones i n  t h e  no r th -cen t r a l  and north-  
wes te rn  p a r t s  of t he  s tudy  a r ea  ( f i g .  4 ) .  The va lues  i n  t he se  samples 
a r e  s i m i l a r  t o  t h e  va lues  f o r  groundwater samples from t h e  g l a c i a l  
d r i f t  and from t h e  S i l u r i a n  Dolomite i n  n o r t h e a s t e r n  I l l i n o i s .  The 
c o v a r i a t i o n  of s u l f u r  and oxygen i s o t o p e s  i n  two samples from sand and 
g rave l  d e p o s i t s  and i n  fou r  samples from t h e  S i l u r i a n  Dolomite a r e  
shown i n  f i g u r e  6 .  The S i l u r i a n  Dolomite i n  no r the rn  I l l i n o i s  i s  
be l i eved  t o  be a s i g n i f i c a n t  source  f o r  t h e  l i g h t  s u l f a t e  i n  ground- 
water .  Disseminated s u l f i d e  minera l s  (p r imar i l y  marcas i t e ,  lesser 
amounts of p y r i t e  and s p h a l e r i t e )  occur  i n  t h e  Racine Formation of t he  
S i l u r i a n  (Donald Mikul ic ,  persona l  communication). An a d d i t i o n a l  
source  of l i g h t  s u l f u r  i s  the  asphaltum t h a t  is common i n  vugs i n  r e e f s  
of t he  Racine (Bre tz ,  1939).  Analyses i n  t he  p re sen t  r e sea rch  and i n  
H o l t ,  Engelkeimer and Venters (1972) , have determined t h a t  t h e  6 3  4~ 
f o r  s i x  groundwater samples from w e l l s  f i n i s h e d  i n  t he  S i l u r i a n  
Dolomite i n  no r theas t e rn  I l l i n o i s  ranges from -13.4 t o  +0.86' 0. The 
l i g h t  i s o t o p i c  composition i n d i c a t e s  t h a t  s u l f i d e s  a r e  t h e  source of 
t h e  d i s so lved  s u l f a t e s .  
G l a c i a l  i c e  advances ou t  of Lake Michigan du r ing  t h e  I l l i n o i a n  
and Wisconsinan eroded and i nco rpo ra t ed  do lomi te  of  t h e  Racine 
Formation i n t o  t h e  g l a c i a l  d r i f t  of n o r t h e r n  I l l i n o i s  (B re t z ,  1939) .  
The re fo r e ,  s u l f i d e s  from t h e  S i l u r i a n  a r e  a p o t e n t i a l  sou rce  f o r  t h e  
i s o t o p i c a l l y  l i g h t  s u l f a t e  d i s s o l v e d  i n  groundwater of  t h e  g l a c i a l  
d r i f t  and i n  t h e  Cambrian and Ordovician bedrock i n  zones of  pr imary 
recharge  i n  n o r t h - c e n t r a l  and nor thwes te rn  I l l i n o i s .  
Downgradient o f  t h e  pr imary recharge  zones i n  n o r t h e r n  
I l l i n o i s ,  w i t h  an i n c r e a s e  i n  flow p a t h  and r e s idence  t ime of ground- 
wate r  i n  t h e  bedrock,  t h e  6 3 4 ~  of  d i s s o l v e d  s u l f a t e  changes t o  
h e a v i e r  v a l u e s .  Examples of  t h i s  t r e n d  a r e  shown by w e l l s  on an up- 
l a n d i n c e n t r a l  Ogle County and by samples c o l l e c t e d  a t  t h e  USGS 
packer  t e s t  n e a r  Galena i n  Jo  Davies County ( f i g .  4 ) .  I n  t h e  Ogle 
County s e t t i n g  v a l u e s  v a r y  from + 5 . 0 ' / ~ 0  f o r  a w e l l  open t o  t h e  
G a l e n a - P l a t t e v i l l e ,  t o  + lo .  3'10 0 f o r  groundwater from t h e  S t .  P e t e r ,  
t o  + 1 3 . 2 ° / 0 0  f o r  a sample from a w e l l  open i n  t h e  i n t e r v a l  from t h e  
I ron ton -Ga le sv i l l e  i n t o  t h e  M t .  Simon. A t  t h e  packer  t e s t  i n  Jo  Davies 
County v a l u e s  ranged from +6 .oO/O 0 f o r  a sample from the  Eminence and 
P o t o s i  Dolomite t o  + lo .  ~ O / , J O  f o r  a sample from t h e  M t .  Simon Sandstone.  
The observed t r e n d s  a r e  c o n s i s t e n t  wi th  mixing between s u l f a t e s  of  two 
dominant composi t ions .  
Groundwaters t h a t  e x h i b i t  a dominant composi t ion of  d i s s o l v e d  
s u l f a t e  from d i s s o l u t i o n  of marine e v a p o r i t e s  a r e  p r e s e n t  where t h e  
Cambrian and Ordovician a q u i f e r s  a r e  conf ined  over  l a r g e  r eg ions .  A s  
shown i n  f i g u r e  4 63 4S v a l u e s  range from +16.1 t o  +19.4' 0 i n  t h e  
southwestern p a r t  of  t h e  s t u d y  a r e a  i n  groundwater w i t h  d i s s o l v e d  
s u l f a t e  concent ra t ions  t h a t  vary from 100 t o  g r e a t e r  than 1200 m g / ~ .  
I n  t h e  e a s t e r n  p a r t  of t he  s tudy a r e a  t h e  v a r i a t i o n  i s  from +16.7 t o  
+24°/00 i n  groundwater wi th  d i s so lved  s u l f a t e  concen t r a t i ons  ranging 
from 50 t o  g r e a t e r  than 800 mg/L. 
Pe r ry ,  Grundl, and Gilkeson (1982) concluded t h a t  a  major 
source of d i s so lved  s u l f a t e  i n  groundwater from t h e  confined a q u i f e r s  
i s  d i s s o l u t i o n  of evapor i t e  mine ra l s ,  bu t  recognized t h a t  t h e  source 
of t h e  e v a p o r i t e s  was problematic .  Average 63'0 va lues  f o r  marine 
e v a p o r i t e s  of  North America a r e  approximately + 3 0 ' / ~  i n  t h e  Cambrian 
and Ordovician Systems (Claypool e t  a l . ,  1980).  The 6 3 4 ~  of ground- 
water  samples i n  t h e  f low system a r e  no t  s u f f i c i e n t l y  enr iched  i n  ' 4 ~  
t o  i n d i c a t e  t h a t  s u l f u r  i s  obta ined  from marine e v a p o r i t e s  of Cambrian 
o r  Ordovician age. An a d d i t i o n a l  problem i s  t h a t  marine e v a p o r i t e s  
a r e  no t  known t o  be p re sen t  i n  t h e  Cambrian and Ordovician s t r a t a  i n  
nor thern  I l l i n o i s .  
Gilkeson, Per ry  and Cartwright  (1981) advanced a  g l a c i a l  re -  
charge mechanism t o  exp la in  t h e  anomalous i s o t o p i c  composition of 
bo th  t h e  water  molecule and t h e  d i s so lved  s u l f a t e  p re sen t  i n  t h e  con- 
f i ned  Cambrian and Ordovician a q u i f e r s .  
F igure  6 shows t h a t  a  number of groundwater samples p l o t  above 
t h e  mixing l i n e  w i t h  6 3  4~ values  ranging from +25.6 t o  +40.3O/0 0. 
The 3 ' ~  enr iched  samples a r e  from a reg ion  of no r theas t e rn  I l l i n o i s  
where d i s so lved  s u l f a t e  concen t r a t i ons  a r e  anomalously low and t h e  
concen t r a t i on  of d i sso lved  barium exceeds t h e  d r ink ing  water  s tandard .  
Gilkeson, Per ry ,  and Cartwright  (1981) i n t e r p r e t  t h e  d e p l e t i o n  of 
d i s so lved  s u l f a t e  i s  due t o  b a c t e r i a l l y  mediated r e a c t i o n s  occur r ing  
i n  anaerobic  environments.  C h a r a c t e r i s t i c s  of t h e  groundwater t h a t  
suppor t  t h i s  i n t e r p r e t a t i o n  a r e  t h e  presence of hydrogen s u l f i d e ,  
i nc reased  a l k a l i n i t y ,  and enrichment of t h e  heavy s u l f u r  i so tope  
( 3 4 ~ )  i n  t h e  r e s i d u a l  d i sso lved  s u l f a t e .  Chemical and s t a b l e  i so -  
tope ana lyses  i n d i c a t e  t h a t  t he  r eg ion  of mic rob ia l  s u l f a t e  reduc- 
t i o n  (shown i n  f i g .  4) i nc ludes  e a s t - c e n t r a l  De Kalb County, c e n t r a l  
and no r the rn  Kane County, northwestern Du Page County, northwestern 
Cook County, western Lake County, and c e n t r a l  and e a s t e r n  McHenry 
County. 
RADIOISOTOPES I N  GROUNDWATER 
The s tudy  of geochemical mechanisms t h a t  c o n t r o l  t h e  occur- 
rence of radium-226 ( 2 2  6 ~ a )  and radium-228 ( 2 2  'Ra) i n  groundwater 
r e q u i r e s  knowledge of t h e  d i s t r i b u t i o n  of o t h e r  r a d i o a c t i v e  elements  
i n  t h e  decay s e r i e s .  The n a t u r a l l y  occu r r ing  long-l ived r a d i o a c t i v e  
elements  uranium-238 ( 2 2  'u) and thorium-232 ( 2  2 ~ h )  a r e  t h e  pa ren t s  of 
t h e  r a d i o a c t i v e  decay s e r i e s  shown i n  f i g u r e s  7  and 8. Geochemical 
and r a d i o l o g i c a l  mechanisms t h a t  c o n t r o l  t h e  occurrence of 2 2 6 ~ a  and 
2 2 8 ~ a  i n  groundwater a r e  presen ted  i n  a  r e p o r t  by Gilkeson e t  a 1  (1983) 
The mechanisms a r e  d i scussed  b r i e f l y  he re .  
2 2  'Ra is  t h e  f i r s t  daughter nuc l ide  i n  t h e  2 3 2 ~ h  decay s e r i e s .  
Because of i t s  s h o r t  h a l f - l i f e  (5.75 y e a r s ) ,  2 2  'Ra w i l l  n o t  migra te  
s i g n i f i c a n t  d i s t a n c e s  i n  confined a q u i f e r s  from i t s  s i t e  of genera t ion .  
Thorium i o n s  have very s l i g h t  s o l u b i l i t i e s  i n  groundwater; t h e r e f o r e ,  
t h e  d i s t r i b u t i o n  of 232Th i n  t h e  bedrock i s  an important  c o n t r o l  on 
t h e  occurrence of 2 2 8 ~ a  i n  groundwater. 
The mechanisms t h a t  c o n t r o l  t h e  occurrence of 2 2 6 ~ a  i n  ground- 
water  a r e  more complex than f o r  2 2 8 ~ a  because of i t s  longer  h a l f - l i f e  
(1600 y e a r s ) ,  and because of t h e  p o s i t i o n  of t he  nuc l ide  i n  t he  2 3 8 ~  
decay s e r i e s .  The precursor  n u c l i d e s  t o  2 2 6 ~ a ,  i n  o rde r  of occur rence ,  
a r e  2 3 8 ~ ,  2 3 4 ~ h ,  2 3 4 ~ a  4 ~ ,  and 'Th. S i g n i f i c a n t  d i s equ i l i b r ium 
between the  nuc l ides  may occur  i n  groundwater flow systems because of 
d i f f e r e n c e s  i n  t he  chemical and r a d i o l o g i c a l  p r o p e r t i e s  of t h e  nuc l ides .  
An important  source of 2 2 6 ~ a  i n  groundwater i n  confined a q u i f e r s  i n  t he  
Cambrian and Ordovician i s  t h e  accumulation of  nuc l ides  of 2 3  'u, 2 3 4 ~ ,  
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and 2 3  ' ~ h  on t h e  sands tone  m a t r i x  due t o  r a d i o l o g i c a l  mechanisms 
( a l p h a  r e c o i l  damage) and t o  t h e  groundwater t r a n s p o r t  o f  u r a n y l  i o n s .  
The d e s o r p t i o n  of 2 2 6 ~ a  from t h e  s a n d s t o n e  m a t r i x  i s  d i r e c t l y  r e l a t e d  
t o  t h e  i o n i c  s t r e n g t h  o f  groundwater.  
URANIUM ISOTOPES 
Analyses  f o r  2 3 4 ~  and 2 3  'U were perforwed on f r e s h  and b r a c k i s h  
groundwater samples c o l l e c t e d  from 130 w e l l s  i n  I l l i n o i s  t h a t  produce 
groundwater from t h e  Cambrian and Ordovic ian  bedrock.  The mass con- 
c e n t r a t i o n  of d i s s o l v e d  uranium ranged from l e s s  t h a n  0.002 pg/L t o  
1 .10  pg/L; t h e  combined a c t i v i t y  c o n c e n t r a t i o n  of 2 3 4 ~  and 2 3 8 ~  i n  t h e  
samples  ranged from l e s s  t h a n  0 . 1  pCi/L t o  7.9 pCi/L. A l l  samples w i t h  
a c t i v i t y  c o n c e n t r a t i o n s  g r e a t e r  t h a n  1 . 0  pCi/L were g r e a t l y  e n r i c h e d  i n  
2 3 4 ~ .  The g r e a t e s t  d i s s o l v e d  uranium c o n c e n t r a t i o n  measured i n  t h e  
s t u d y  a r e a  was a mass c o n c e n t r a t i o n  o f  1 5 . 3  pg/L and a  combined a c t i v i t y  
c o n c e n t r a t i o n  of 92.2 pCi/L i n  a  s a l i n e  groundwater sample c o l l e c t e d  
from t h e  b a s a l  s e c t i o n  of t h e  M t .  Simon a t  t h e  U.S.G.S. b o r e h o l e  i n  
Lake County. 
The o x i d a t i o n - r e d u c t i o n  p o t e n t i a l  i s  an i m p o r t a n t  c o n t r o l  on t h e  
d i s s o l v e d  uranium c o n c e n t r a t i o n .  Gi lkeson e t  a l .  (1983) determined t h a t  
d i s s o l v e d  uranium c o n c e n t r a t i o n s  were l e s s  than  0 .08 pg/L i n  a l l  ground- 
w a t e r  samples i n  t h e  s t u d y  a r e a  w i t h  Eh v a l u e s  of -50 m i l l i v o l t s  o r  
lower .  
F i g u r e  9  p r e s e n t s  t h e  d i s t r i b u t i o n  of t h e  4 ~ / 2 3  'U a c t i v i t y  
r a t i o  f o r  groundwater samples  c o l l e c t e d  from t h e  Cambrian and Ordovic ian .  
The r a t i o s  range from 2.0 f o r  samples from w e l l s  i n  t h e  s o u t h e a s t e r n  
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c o r n e r  of De Kalb County and c e n t r a l  Ogle County t o  40.7 f o r  a sample 
from a  w e l l  i n  t h e  s o u t h e r n  p a r t  of L a  S a l l e  County. The lowes t  
r a t i o s  o c c u r  i n  pr imary recharge  zones i n  r e g i o n s  where t h e  Cambrian 
and Ordovic ian  a r e  unconf ined.  I n  t h i s  hydrogeo log ic  s e t t i n g  t h e  
a c t i v i t y  r a t i o  i n c r e a s e s  w i t h  an  i n c r e a s e  i n  f low p a t h  and r e s i d e n c e  
t ime of groundwater i n  t h e  a q u i f e r s .  The i n c r e a s e  i s  i l l u s t r a t e d  by 
samples from w e l l s  l o c a t e d  i n  c e n t r a l  Ogle County and by samples 
from t h e  U.S.G.S. packer  t e s t  i n  J o  Davies  County ( f i g .  9 ) .  
For t h r e e  w e l l s  l o c a t e d  i n  an a r e a  of pr imary r e c h a r g e  on an  up- 
l and  i n  Ogle County, t h e  a c t i v i t y  r a t i o s  a r e  2 . 1  f o r  groundwater i n  
t h e  G a l e n a - P l a t t e v i l l e ,  6 . 5  f o r  groundwater i n  t h e  S t .  P e t e r ,  and 11.2  
f o r  groundwater from a  w e l l  open i n  t h e  i n t e r v a l  I r o n t o n - G a l e s v e i l l e  
t o  M t .  Simon. The a c t i v i t y  r a t i o s  i n  t h e  groundwater samples c o l l e c t e d  
i n  t h e  U.S.G.S. packer  t e s t  i n  J o  Davies  County were 15.6 i n  t h e  S t .  
P e t e r  Sandstone,  21.6 i n  t h e  I r o n t o n - G a l e s v i l l e  and 25.6 i n  t h e  M t .  
Simon. The h i g h e r  r a t i o s  i n  t h e  packer  t e s t  samples  r e f l e c t  t h e  l o -  
c a t i o n  o f  t h e  open boreho le  i n  lowland a l o n g  t h e  Galena River  t h a t  
i s  a  zone of groundwater d i s c h a r g e .  A component of groundwater i n  t h e  
d i s c h a r g e  zone i s  from r e g i o n s  o f  n o r t h w e s t e r n  I l l i n o i s  where t h e  
Cambrian and O r d o v i c i a n a r e  conf ined  by t h e  Maquoketa. 
The a n a l y s e s  p r e s e n t e d  i n  f i g u r e  9 i l l u s t r a t e  t h e  marked i n -  
c r e a s e  i n  23 4 ~ / 2 3  'U a c t i v i t y  r a t i o s  t h a t  o c c u r s  where t h e  Cambrian and 
O r d o v i c i a n a r e  o v e r l a i n  and conf ined  by s h a l e  bedrock.  Also n o t e  t h a t  
t h e  a c t i v i t y  r a t i o s  i n  t h e  conf ined  a q u i f e r s  e x h i b i t  r e g i o n a l  t r e n d s .  
I n  t h e  sou thwes te rn  r e g i o n  of t h e  s t u d y  a r e a  t h e  a c t i v i t y  r a t i o s  
range  from 5 .4  t o  14 .8 ;  over  a  l a r g e  p a r t  of t h i s  r e g i o n  t h e  r a t i o s  
a r e  l e s s  than  8 .  
A s i g n i f i c a n t  f e a t u r e  on f i g u r e  9  i s  t h e  zone o f  h i g h  r a t i o  
groundwater t h a t  e x t e n d s  from t h e  n o r t h e a s t e r n  p a r t  of t h e  s t u d y  a r e a  
southwestward through Du Page County i n t o  c e n t r a l  Kane County, nor th -  
e a s t e r n  Kendal l  County and n o r t h w e s t e r n  W i l l  County. Groundwater 
w i t h i n  t h i s  zone h a s  a c t i v i t y  r e t i o s  g r e a t e r  t h a n  20; i n  t h e  n o r t h -  
e a s t e r n  p a r t  o f  t h e  zone r a t i o s  range from 25 t o  35. A second zone 
of h i g h  r a t i o  groundwater i s  p r e s e n t  i n  Grundy County, s o u t h e r n  La S a l l e  
County, t h e  n o r t h e r n  margin o f  L i v i n g s t o n  County, and e a s t e r n  M a r s h a l l  
County. A c t i v i t y  r a t i o s  i n  t h i s  zone range from 20 t o  40.7.  The two 
zones a r e  b o t h  l o c a t e d  a long  a  n o r t h e a s t  t o  southwest  t r e n d  and may b e  
g e n e t i c a l l y  r e l a t e d .  The zones a r e  s e p a r a t e d  by lower r a t i o  ground- 
w a t e r  ( v a l u e s  from 6 . 1  t o  15.2)  p r e s e n t  i n  sou thwes te rn  W i l l  County and 
n o r t h e a s t e r n  Grundy County. 
The widespread and extreme d i s e q u i l i b r i u m  between 23 4~ and 'U 
t h a t  o c c u r s  i n  groundwater from t h e  Cambrian and Ordovic ian  bedrock of 
t h e  s t u d y  a r e a  i s  unique.  The h i g h  a c t i v i t y  r a t i o s  have n o t  been found 
i n  o t h e r  f low systems.  Other  r e s e a r c h e r s  have r e p o r t e d  v a l u e s  f o r  
groundwater t h a t  r ange  from 0.5  t o  12 .3 .  Only a  few i n v e s t i g a t o r s  have 
r e p o r t e d  r a t i o s  g r e a t e r  t h a n  5 .  Kronfe ld  (1974) r e p o r t e d  r a t i o s  a s  
h i g h  a s  1 2 . 3  f o r  groundwater i n  a  conf ined  sands tone  a q u i f e r  i n  Texas.  
A c t i v i t y  r a t i o s  rang ing  from 5 . 5  t o  10 .5  were measured i n  conf ined  
a q u i f e r s  i n  t h e  Cambrian and Ordovic ian  bedrock i n  t h e  t r i - s t a t e  r e g i o n  
of M i s s o u r i ,  Kansas and Oklahoma (Cowart, 1981) .  The a q u i f e r  u n i t s  
( s a n d s t o n e s  and do lomi tes )  have l i t h o l o g i e s  t h a t  a r e  s i m i l a r  t o  t h e  
Cambrian and Ordovician a q u i f e r s  i n  n o r t h e r n  I l l i n o i s .  
The d i s e q u i l i b r i u m  p r e s e n t  i n  groundwater i n  t h e  t r i - s t a t e  r e g i o n  
and i n  Texas i s  b e l i e v e d  t o  b e  due t o  p r e c i p i t a t i o n  of * ' %  a s  d i f f u s e  
c o a t i n g s  on t h e  s a n d s t o n e  m a t r i x .  2 3 4 ~  i s  p r e f e r e n t i a l l y  mobi l i zed  
from t h e s e  c o a t i n g s  because  of i t s  r a d i o g e n i c  o r i g i n .  
Labora to ry  r e s e a r c h  h a s  d i r e c t l y  e s t a b l i s h e d  t h a t  t h e  r e c o i l  
from a l p h a  p a r t i c l e  d i s i n t e g r a t i o n  p r e f e r e n t i a l l y  m o b i l i z e s  d a u g h t e r  
n u c l i d e s .  F l e i s h e r  (1980) h a s  e s t a b l i s h e d  two mechanisms f o r  e n r i c h -  
ment: 1. D i r e c t  r e c o i l  of  t h e  '' 4 ~ h  n u c l e u s  ( f  rom 2 3  'U decay)  i n t o  
s o l u t i o n  may o c c u r .  The s h o r t - l i v e d  '' 4 ~ h  decays  t o  2 3 4 ~  t h e r e b y  en- 
r i c h i n g  t h e  groundwater i n  ' 3 4 ~ ~  w h i l e  d e p l e t i n g  t h e  s u r f a c e  of t h e  
s o l i d .  2 .  A l a r g e  number of t h e  r e c o i l i n g  n u c l e i  p a s s  th rough  t h e  
groundwater t o  become embedded i n  a d j a c e n t  g r a i n s  of t h e  a q u i f e r  m a t r i x ,  
l e a v i n g  f i s s i o n t r a c k s  open t o  t h e  s u r f a c e .  N a t u r a l  groundwaters  have 
t h e  p o t e n t i a l  t o  e f f i c i e n t l y  l e a c h  t h e  embedded n u c l e i  from t h e  t r a c k s .  
The enr ichment  mechanisms d e s c r i b e d  by F l e i s h e r  (1980) a r e  
b e l i e v e d  t o  c o n t r i b u t e  t o  t h e  d i s e q u i l i b r i u m  p r e s e n t  i n  groundwater  i n  
n o r t h e r n  I l l i n o i s .  However, t h e  much h i g h e r  a c t i v i t y  r a t i o s  p r e s e n t  
i n  n o r t h e r n  I l l i n o i s  a s  compared t o  t h e  v a l u e s  i n  t h e  t r i - s t a t e  r e g i o n  
and i n  Texas may b e  t h e  r e s u l t  of  a d d i t i o n a l  f a c t o r s .  The s i g n i f i c a n c e  
of t h e  h i g h  23 4 ~ / 2  'U d i s e q u i l i b r i u m  t o  t h e  g l a c i a l  r e c h a r g e  of  ground- 
w a t e r  t o  t h e  Cambrian and Ordov ic ian  bedrock i s  c o n s i d e r e d  i n  t h e  d i s -  
c u s s i o n  s e c t i o n  of  t h i s  p a p e r .  
RADIUM ISOTOPES 
The N a t i o n a l  I n t e r i m  Pr imary Dr ink ing  Water R e g u l a t i o n s  promul- 
g a t e d  by t h e  U.S. Environmental  P r o t e c t i o n  Agency (1975) s t a t e  t h a t  
t h e  combined 2 2 6 ~ a  a n d / o r  2 2  8 ~ a  con taminan t  l e v e l  s h a l l  n o t  exceed 5  pCi/L. 
Concent ra t ions  above t h i s  l e v e l  occur  over  a  l a r g e  p a r t  of t h e  s t udy  
a r e a  i n  groundwater i n  t h e  Cambrian and Ordovician bedrock. A l l  
ana l y se s  on radium i s o t o p e s  p r e sen t ed  i n  t h i s  r e p o r t  were performed 
a t  t h e  Argonne Na t i ona l  Labora tory .  The d a t a  s e t  i nc ludes  ana ly se s  
performed i n  t h e  p r e s e n t  r e s e a r c h  program and h i s t o r i c a l  ana ly se s  from 
e a r l i e r  r e s ea r ch  a t  t h e  Argonne Na t i ona l  Labora tory .  The e a r l i e r  re-  
s e a r c h  i n c l u d e s  r e p o r t s  and pape r s  by Stehney (1955),  Lucas and 
I l c e w i c z  (1958),  Krause (1959, 1960) ,  Holtzman (1964) ,  Benne t t ,  B e l l  
and Markwood (1976),  and unpubl ished ana ly se s  from t h e  f i l e s  of Henry 
Lucas and Richard B .  Holtzman. 
Gi lkeson e t  a l .  (1983) compared ana ly se s  from t h e  p r e s e n t  
r e s e a r c h  t o  t h e  h i s t o r i c a l  d a t a  and determined t h a t  over  a  pe r i od  of 
t ime rang ing  up t o  2 3  y e a r s ,  t h e  c o n c e n t r a t i o n  of d i s s o l v e d  radium i n  
d i s c r e t e  a q u i f e r  u n i t s  of t h e  Cambrian and Ordovician ha s  no t  changed. 
Also,  t h e  c o n c e n t r a t i o n  of 2 2 6 ~ a  and 2 2 8 ~ a  i n  groundwater produced from 
most p u b l i c  supply  w e l l s  h a s  no t  changed over t ime .  An impor tan t  f i n d i n g  
of Gi lkeson e t  a l .  (1983) was t h a t  t h e  h igh  d i s s o l v e d  c o n c e n t r a t i o n s  of  
2 2 6 ~ a  and 2 2 8 ~ a  a r e  p r e s e n t  i n  groundwater from sands tones  - t h e  pro- 
d u c t i v e  a q u i f e r s  i n  t h e  Cambrian and Ordovician bedrock. Groundwater 
produced from dolomi tes  h a s  lower c o n c e n t r a t i o n s .  Radium c o n c e n t r a t i o n s  
i n  groundwater from t h e  Maquoketa Sha le  i s  ve ry  low ( l e s s  t han  1 pCi/L).  
The v a r i a t i o n  i n  radium c o n c e n t r a t i o n s  over  t i m e  observed i n  a  l i m i t e d  
number of w e l l s  was r e l a t e d  t o  t h r e e  mechanisms: 1. The v a r i a t i o n s  
w e r e  due t o  mod i f i c a t i ons  i n  w e l l  c o n s t r u c t i o n  t h a t  a l t e r e d  t h e  
q u a n t i t y  of groundwater produced from d i s c r e t e  a q u i f e r  u n i t s .  These 
m o d i f i c a t i o n s  i nc lude :  changes t o  t h e  w e l l  c a s i n g ,  w e l l  dep th ,  and 
development w i t h  e x p l o s i v e s  o r  a c i d  t o  i n c r e a s e  p r o d u c t i v i t y  from 
d i s c r e t e  rock  u n i t s .  2 .  For w e l l s  t h a t  were open t o  s e v e r a l  
a q u i f e r  u n i t s ,  a  change i n  t h e  r a t e  o f  pumping o r  t h e  d u r a t i o n  of 
pumping o f t e n  r e s u l t e d  i n  changes i n  t h e  q u a n t i t y  o f  groundwater 
produced from d i s c r e t e  a q u i f e r s  and a cor responding  change i n  radium 
c o n c e n t r a t i o n s .  3 .  I n  a few w e l l s  t h a t  were open t o  s e v e r a l  a q u i f e r  
u n i t s ,  t h e  mixing of incompat ib le  groundwaters  from d i s c r e t e  a q u i f e r s  
r e s u l t e d  i n  t h e  c o p r e c i p i t a t i o n  o f  radium w i t h  t h e  fo rmat ion  o f  t h e  
m i n e r a l  s p e c i e s  b a r i t e .  I n  t h e s e  w e l l s  t h e  v a r i a t i o n  i n  d i s s o l v e d  
radium c o n c e n t r a t i o n  was r e l a t e d  t o  t h e  p r e c i p i t a t i o n - d i s s o l u t i o n  
o f  b a r i t e  i n  t h e  w e l l  b o r e .  
The d a t a  s e t  i n c l u d e s  a n a l y s e s  of b o t h  2 2 6 ~ a  and '"Ra f o r  
groundwater samples from 123 w e l l s  t h a t  produce from t h e  Cambrian 
and Ordovic ian .  The range i n  t h e  combined c o n c e n t r a t i o n s  i s  from 2 . 3  
t o  5 3 . 5  p C i / ~ .  Only n i n e  o f  t h e  samples were i n  compliance w i t h  t h e  
maximum contaminant  l e v e l  of t h e  d r i n k i n g  wate r  s t a n d a r d .  The r e g i o n a l  
v a r i a t i o n  i n  2 2 6 ~ a  and 2 2  'Ra i n  groundwater from t h e  Cambrian and 
Ordovician i s  shown i n  f i g u r e  10.  On t h i s  f i g u r e  symbols a r e  used t o  
i d e n t i f y  t h e  a q u i f e r s  t h a t  p rov ide  groundwater t o  w e l l s .  The f i g u r e  
a l s o  shows a n a l y s e s  f o r  groundwater samples c o l l e c t e d  d u r i n g  t h e  
U.S.G.S. packer  t e s t s  l o c a t e d  a t  b o r e h o l e s  n e a r  Zion i n  Lake County 
and n e a r  Galena i n  J o  Daviess  County. 
The lowes t  combined c o n c e n t r a t i o n s  f o r  t h e  two n u c l i d e s  o c c u r  
i n  groundwater samples from w e l l s  i n  t h e  n o r t h - c e n t r a l  and nor thwes te rn  
r e g i o n s  o f  t h e  s t u d y  a r e a  i n  zones o f  primary r e c h a r g e  where t h e  
Maquoketa S h a l e  Group i s  a b s e n t .  I n  t h i s  s e t t i n g  groundwater h a s  had 
a s h o r t  r e s i d e n c e  t ime i n  t h e  Cambrian and Ordovic ian  bedrock.  It i s  

e s p e c i a l l y  t r u e  t h a t  t h e  lowes t  2 2 6 ~ a  c o n c e n t r a t i o n s  occur  i n  t h i s  
hydrogeo log ic  s e t t i n g .  Downgradient o f  t h e  pr imary recharge  zones ,  
t h e r e  i s  a  marked i n c r e a s e  i n  t h e  2 2  6 ~ a  c o n c e n t r a t i o n .  For t h e  
n o r t h w e s t e r n  p a r t  o f  t h e  s t u d y  a r e a  t h e  h i g h e s t  combined concen- 
t r a t i o n s  a r e  p r e s e n t  where t h e  a q u i f e r s  a r e  conf ined  by t h e  Maquoketa 
w i t h  t h e  i n c r e a s e  l a r g e l y  due t o  g r e a t e r  c o n c e n t r a t i o n s  f o r  2 2 6 ~ a .  
I n  t h e  sou thwes te rn  p a r t  of t h e  s t u d y  a r e a  t h e  combined con- 
c e n t r a t i o n  f o r  t h e  two radium n u c l i d e s  range  from 6 .7  t o  24 pCi/L w i t h  
c o n c e n t r a t i o n s  g r e a t e r  than  1 0  p c i / L  o c c u r r i n g  o v e r  most of t h e  r e g i o n .  
The 2 2 8 ~ a  c o n c e n t r a t i o n s  range from 0.6 t o  5 . 9  p ~ i / ~  and a r e g e n e r a l l y  
l e s s  t h a n  3.0 p ~ i / ~  o v e r  a  l a r g e  p a r t  o f  t h e  r e g i o n .  The c o n c e n t r a t i o n s  
of 2 2 6 ~ a  range  from 3 . 1  t o  20.6 p ~ i / ~ ;  t h e  h i g h e s t  c o n c e n t r a t i o n s  a r e  
p r e s e n t  i n  b r a c k i s h  groundwater from t h e  s t r a t i g r a p h i c  i n t e r v a l  Galena- 
P l a t t e v i l l e  t o  S t .  P e t e r .  An i n t e r e s t i n g  f e a t u r e  i n  t h e  sou thwes te rn  
r e g i o n  i s  t h e  lower 2 2 6 ~ a  c o n c e n t r a t i o n s  p r e s e n t  i n  groundwater from 
w e l l s  t h a t  a r e  open t o  t h e  I r o n t o n - G a l e s v i l l e  Sandstone.  The lower 
c o n c e n t r a t i o n s  may be  t h e  r e s u l t  o f  t h e  lower t o t a l  d i s s o l v e d  s o l i d s  
c o n c e n t r a t i o n s  i n  groundwater from t h e s e  w e l l s .  A d i r e c t  r e l a t i o n  
between 2 2 6 ~ a  c o n c e n t r a t i o n s  and t o t a l  d i s s o l v e d  s o l i d s  was d e t e r -  
mined by Emrich and Lucas (1963) and Gi lkeson e t  a l .  (1983) .  Another 
f e a t u r e  t h a t  may lower t h e  2 2 6 ~ a  c o n c e n t r a t i o n  i s  t h a t  t h e s e  deeper  
w e l l s  a r e  open t o  produce groundwater from do lomi tes  i n  t h e  P r a i r i e  du 
Chien Group and i n  t h e  Eminence and P o t o s i .  Groundwater from t h e  
do lomi tes  would have low v a l u e s  o f  2 2 6 ~ a .  The q u a n t i t y  o f  groundwater 
produced from t h e  do lomi tes  t o  i n d i v i d u a l  w e l l s  i s  n o t  a c c u r a t e l y  
known. 
The combined concent ra t ion  of t he  two radium nuc l ides  i n  f r e s h  
o r  b r ack i sh  groundwater samples from w e l l s  t h a t  produce from con- 
f i ned  a q u i f e r s  i n  t he  e a s t e r n  p a r t  of t he  s tudy  a r e a  ranges from 5 .4  
t o  53.5 pCi/L; f o r  t h i s  reg ion  t h e  range i n  2 2 6 ~ a  i s from approxi-  
mately 2 t o  19 pCi/L. The h ighes t  combined concen t r a t i on  f o r  a l l  
samples c o l l e c t e d  i n  the  s tudy  a r e a  was 62.2 pCi/L (40.2 pCi/L f o r  
2 2 6  Ra, 22.0 pCi/L f o r  2 2  'Ra) f o r  a  s a l i n e  groundwater sample c o l l e c t e d  
from t h e  lower s e c t i o n  of t he  M t .  Simon Sandstone a t  t h e  U.S.G.S. open 
borehole  i n  Lake County. 
A s t r i k i n g  f e a t u r e  i n  t h e  e a s t e r n  p a r t  of t h e  s tudy  a r e a  i s  t h e  
presence of t h e  h ighes t  'Ra concen t r a t i ons  i n  b rack i sh  groundwater 
produced from the  M t .  SimonSandstone. The measured concen t r a t i ons  a r e  
24.7 pCi/L f o r  p u b l i c  supply we l l  no. 17 a t  Mt . -Prospec t  i n  Cook County, 
32.7 p ~ i / ~  f o r  p u b l i c  supply w e l l  no. 9  a t  Aurora i n  Kane County and 
45.4 pCi/L f o r  a sample c o l l e c t e d  a t  t h e  U.S.G.S. borehole  i n  Lake 
County. The concent ra t ion  of t o t a l  d i s so lved  s o l i d s  f o r  t he  t h r e e  
samples ranges from 1,050 t o  6,000 mg/L. Remedial measures were taken 
a t  t h e  municipal w e l l s  t o  s top  product ion  of b r ack i sh  groundwater from 
the  M t .  Simon. The source of the  h igh  2 2  'Ra concen t r a t i ons  i n  b rack i sh  
groundwater from the  M t .  Simon i s  n o t  we l l  understood a t  t h e  p re sen t  
t i m e .  Unlike t he  concen t r a t i on  of 2 2 6 ~ a ,  t h e  concen t r a t i on  of d i s -  
solved 2 2 ' ~ a  i s  no t  d i r e c t l y  r e l a t e d  t o  t h e  i o n i c  s t r e n g t h  of ground- 
water  (Gilkeson,  e t  a 1  . , 1983) . The high d i s so lved  2 2  'Ra concen- 
t r a t i o n s  i n  t h e  M t .  Simon may be  due t o  a  g r e a t e r  abundance of thorium- 
bea r ing  f e l d s p a r  minera l s  i n  t h e  ma t r ix  of t h e  bedrock. 
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concentrations of radium. Chicago and many other communities are 
supplied water from Lake Michigan. The City of Elgin in northeastern 
Illinois has recently completed construction of a facility to treat 
water from the Fox River. Several other communities in northern 
Illinois use rivers or reservoirs for water supplies. 
The efficient removal of radium by two conventional water 
treatment processes (ion exchange softening and lime softening) was 
determined in a study by Bennett, Bell, and Markwood (1976). Several 
communities use these treatment processes. 
DISCUSSION 
The i s o t o p i c  composi t ion of t h e  w a t e r  molecule  i s  ev idence  of 
t h e  importance of g l a c i a l  p r o c e s s e s  t o  t h e  r e c h a r g e  o f  groundwater t o  
conf ined  a q u i f e r s  i n  t h e  Cambrian and Ordovic ian  bedrock of n o r t h e r n  
I l l i n o i s .  S i m i l a r  s t u d i e s  w i t h  s t a b l e  i s o t o p e s  by S i e g e 1  and Mandle 
( i n  p r e s s )  have e s t a b l i s h e d  t h a t  g l a c i a l  r e c h a r g e  t o  conf ined  a q u i f e r s  
i n  t h e  Cambrian and Ordovician h a s  o c c u r r e d  o v e r  a n  e x t e n s i v e  p a r t  
of n o r t h - c e n t r a l  Uni ted S t a t e s .  
The mechanisms of recharge  r e l a t e d  t o  g l a c i a l  p r o c e s s e s  i s  n o t  
c l e a r l y  unders tood .  A s  a  r e s u l t  of  t h e  geothermal  g r a d i e n t ,  as w e l l  
a s  t h e  h e a t  g e n e r a t e d  by f r i c t i o n ,  mel twa te r  was p r e s e n t  a t  t h e  b a s e  
of t h e  c o n t i n e n t a l  g l a c i e r s  (Weertman, 1972; Clayton and Moran, 1974; 
Freeze  and Cher ry ,  1979) .  It i s  p o s t u l a t e d  t h a t  p r e s s u r e  from t h e  
g l a c i a l  i c e  overburden caused b a s a l  mel twa te r  t o  r e c h a r g e  i n t o  t h e  
Cambrian and Ordovician bedrock.  It i s  impor tan t  t o  c o n s i d e r  t h a t  
t h e s e  g l a c i a l  r e c h a r g e  e v e n t s  were r e p e a t e d  w i t h  t h e  numerous advances  
of c o n t i n e n t a l  i c e  s h e e t s  i n t o  I l l i n o i s  d u r i n g  t h e  P l e i s t o c e n e .  The 
marked v a r i a t i o n  i n  t h e  c o n f i g u r a t i o n  o f  t h e  d i f f e r e n t  i c e  l o b e s  and 
t h e i r  d i r e c t i o n  o f  advance a c r o s s  t h e  s t u d y  a r e a  had l a r g e  e f f e c t s  
on t h e  r e c h a r g e  e v e n t s  ( f i g  1 1 ) .  
The h i g h e s t  a c t i v i t y  r a t i o s  ( v a l u e s  from 25 t o  40) occur  i n  t h e  
e a s t e r n  p a r t  o f  t h e  s t u d y  a r e a  where groundwater would have been r e -  
charged d u r i n g  t h e  Wisconsinan.  Wisconsinan g l a c i e r s  d i d  n o t  advance 
over  t h e  sou thwes te rn  r e g i o n  o f  t h e  s t u d y  a r e a .  The low a c t i v i t y  
r a t i o s  ( v a l u e s  from 5 t o  11)  i n  groundwater of t h e  Ordovic ian  bedrock 
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i n  t h e  sou thwes te rn  r e g i o n  may r e f l e c t  r e cha rge  by an e a r l i e r  g l a c i a l  
advance.  The a c t i v i t y  r a t i o  d imin ishes  over  t ime a s  t h e  exce s s  2 3 4 ~  
d i s i n t e g r a t e s .  It i s  p o s s i b l e  t h a t  groundwater i n  t h e  Cambrian and 
Ordovician bedrock i n  t h e  sou thwes te rn  r eg ion  i s  q u i t e  o l d ,  and t h a t  
recharge  was due t o  g l a c i a l  advances dur ing  t h e  e a r l y  I l l i n o i a n  o r  
o l d e r  s t a g e s .  
The n o r t h e a s t e r n  p a r t  of t h e  s tudy  a r e a  i s  where groundwater 
would have been recharged  dur ing  t h e  Wisconsinan by t h e  most r e c e n t  
g l a c i a l  advances.  A t  t h i s  time g l a c i e r s  occupied Lake Michigan w i t h  
i c e  boundar ies  i n  t h e  n o r t h e a s t e r n  corner  of t h e  s t a t e .  Mathematical  
model l ing by P i l l e y  and Pa r i zek  (1983) suppo r t s  t h e  f i n d i n g  of 
Gi lkeson ,  P e r r y  and Car twr igh t  (1981) t h a t  p r e s s u r e  from t h e  g l a c i a l  
i c e  overburden caused b a s a l  mel twate r  t o  recharge  i n t o  t h e  Cambrian 
and Ordovician through t h e  f l o o r  of Lake Michigan. The zone of h igh  
a c t i v i t y  r a t i o s  i n  t h e  n o r t h e a s t e r n  p a r t  of  t h e  s t udy  a r e a  ( f i g .  9 )  
may d e f i n e  a  plume of groundwater recharged  by t h e  most r e c e n t  
g l a c i a l  advances.  The h i g h e s t  4~ c o n c e n t r a t i o n s  measured i n  p o t a b l e  
groundwater i n  t h e  s t udy  a r e a  (3-6.7 p C i / ~ )  a r e  w i t h i n  t h i s  zone i n  
Lake and Cook County. 
The r echa rge  of groundwater en r i ched  i n  3 4 ~  t o  sands tone  
a q u i f e r s  i n  t h e  Cambrian and Ordovician would be impor tan t  t o  t h e  con- 
c e n t r a t i o n  of d i s s o l v e d  2 2 6 ~ a .  However, e x t e n t  of p r e f e r e n t i a l  d i s -  
s o l u t i o n  of 2 3 4 ~  i n  g l a c i a l  environments  ha s  n o t  been e s t a b l i s h e d .  
Analyses on uranium i s o t o p e s  i n  g l a c i a l  m a t e r i a l s  a r e  l i m i t e d .  A few 
ana ly se s  p r e sen t ed  i n  Cherdyntsev (1971) determined t h a t  g l a c i a l  t i l l s  
were g r e a t l y  dep l e t ed  i n  **'u a s  compared w i t h  3 2 ~ h  and a l s o  dep l e t ed  
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SUMMARY 
S t a b l e  and r a d i o a c t i v e  i s o t o p e s  i n  groundwater were s t u d i e d  
i n  a n  i n v e s t i g a t i o n  of t h e  n a t u r a l  g e o l o g i c  s o u r c e s  o f  h i g h  concen- 
t r a t i o n s  o f  2 2 6 ~ a  and 2 2  'Ra i n  groundwater from t h e  Cambrian and 
Ordovic ian  bedrock i n  n o r t h e r n  I l l i n o i s .  The combined c o n c e n t r a t i o n s  
of t h e  two n u c l i d e s  ranged from 2 . 3  t o  53.5 pCi/L; t h e  m a j o r i t y  of 
a n a l y s e s  exceed t h e  maximum contaminant  l e v e l  of 5 . 0  pCi/L. The lowes t  
c o n c e n t r a t i o n s  a r e  i n  pr imary r e c h a r g e  zones i n  n o r t h - c e n t r a l  I l l i n o i s  
where t h e  Cambrian and Ordovic ian  a q u i f e r s  a r e  unconf ined.  The h i g h e s t  
combined c o n c e n t r a t i o n s  a r e  i n  m i n e r a l i z e d  groundwater i n  r e g i o n s  
where t h e  Cambrian and Ordovic ian  bedrock a r e  o v e r l a i n  and conf ined  by 
s h a l e  bedrock.  The h i g h  d i s s o l v e d  radium c o n c e n t r a t i o n s  a r e  p r e s e n t  
i n  t h e  p r o d u c t i v e  a q u i f e r  r o c k s  - t h e  s a n d s t o n e s .  The secondary 
accumula t ion  of 2 3  'U , 2 3 4 ~  and 2 3 0 ~ h  as d i f f u s e  c o a t i n g s  on t h e  sand- 
s t o n e  m a t r i x  i s  a n  impor tan t  s o u r c e  o f  2 2 6 ~ a .  The d e s o r p t i o n  of 2 2 6 ~ a  
from t h e  m a t r i x  i s  d i r e c t l y  r e l a t e d  t o  t h e  m i n e r a l i z a t i o n  of t h e  
groundwater.  The h i g h e s t  2 2 8 ~ a  c o n c e n t r a t i o n s  a r e  p r e s e n t  i n  b r a c k i s h  
groundwater from t h e  M t .  Simon Sandstone i n  n o r t h e a s t e r n  I l l i n o i s .  
F e l d s p a r s  p r e s e n t  a s  a c c e s s o r y  m i n e r a l s  i n  t h e  s a n d s t o n e s  a r e  a  po- 
2 2  8 t e n t i a l  s o u r c e  o f  t h e  Ra. 
The s t a b l e  i s o t o p e  composi t ion of t h e  w a t e r  molecule  h a s  
e s t a b l i s h e d  t h a t  g l a c i a l  p r o c e s s e s  a r e  impor tan t  t o  t h e  r e c h a r g e  of 
groundwater i n  conf ined  a q u i f e r s .  Groundwater i n  pr imary r e c h a r g e  zones 
i n  t h e  n o r t h - c e n t r a l  p a r t  o f  t h e  s t u d y  a r e a  h a s  6' '0 v a l u e s  (-6.6 t o  
-7 0 )  t h a t  a r e  s i m i l a r  t o  contemporary m e t e o r i c  w a t e r .  However, 
r e cha rge  du r ing  a  much co lde r  c l i m a t e  i s  i n d i c a t e d  f o r  groundwater 
i n  conf ined  a q u i f e r s  where 6 l  '0 v a l u e s  range t o  -12.7°/00 and a r e  
l e s s  t han  over  l a r g e  r eg ions .  
The c o v a r i a t i o n  of 6 3 4 ~  and 61e0 i n  d i s so lved  s u l f a t e  from 
Cambrian and Ordovician a q u i f e r s  d e f i n e s  a  mixing l i n e  between two 
dominant sou rce s ;  ox ida t i on  of  s u l f i d e  mine ra l s  and d i s s o l u t i o n  of 
marine e v a p o r i t e s .  S u l f a t e s  de r i ved  from o x i d a t i o n  of s u l f i d e s  a r e  
p r e s e n t  i n  groundwater w i t h  low s u l f a t e  c o n c e n t r a t i o n s  ( g e n e r a l l y  l e s s  
than  25 mg/L) i n  zones of primary recharge .  Disseminated s u l f i d e s  i n  
t h e  S i l u r i a n  Dolomite a r e  be l i eved  t o  be  an impor tan t  sou rce  of t h e  
s u l f a t e .  The s u l f i d e s  were i nco rpo ra t ed  i n t o  g l a c i a l  t i l l s  i n  n o r t h e r n  
I l l i n o i s .  S u l f a t e  w i t h  a  dominant source  from d i s s o l u t i o n  of marine 
e v a p o r i t e s  a r e  p r e s e n t  i n  groundwater w i t h  h igh  s u l f a t e  c o n c e n t r a t i o n s  
(100-1200 mg/L) i n  conf ined a q u i f e r s .  The marine e v a p o r i t e  source  of 
t h e  s u l f a t e s  i s  of a  d i f f e r e n t  geo log i c  age than  Cambrian o r  Ordovician.  
G l a c i a l  p roce s se s  a r e  be l i eved  t o  be r e s p o n s i b l e  f o r  r e cha rge  of t h e  
s u l f a t e s .  
Groundwater from t h e  Cambrian and Ordovician e x h i b i t s  a  unique 
enrichment i n  4~ . The a c t i v i t y  r a t i o  of 2 3 4 ~  t o  2 3  'U ranges  from 2.0  
t o  40.7. The lowes t  r a t i o s  a r e  p r e s e n t  i n  unconfined a q u i f e r s  i n  p r i -  
mary recharge  zones. R a t i o s  g r e a t e r  than  20 occur  ove r  l a r g e  a r e a s  
where t h e  Cambrian and Ordovician a r e  conf ined .  The r e g i o n a l  d i s t r i -  
b u t i o n  of a c t i v i t y  r a t i o s  and 2 3 4 ~  c o n c e n t r a t i o n s  suppor t  a  g l a c i a l  r e -  
charge mechanism. Low-act ivi ty  r a t i o s  a r e  p r e s e n t  i n  groundwater i n  
conf ined  a q u i f e r s  i n  t h e  southwestern p a r t  of t h e  s t udy  a r e a  where 
g l a c i a l  r e cha rge  i s  o l d e r  t han  t h e  Wisconsinan. The h i g h e s t  a c t i v i t y  
r a t i o s  and 2 3 4 ~  c o n c e n t r a t i o n s  a r e  p r e s e n t  i n  groundwater i n  t h e  
n o r t h e a s t e r n  p a r t  of t h e  s t u d y  a r e a  where g l a c i a l  r echarge  i s  r e l a t e d  
t o  t h e  most r e c e n t  g l a c i a l  s t a g e s  i n  I l l i n o i s .  
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